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. In fact, Leblanc and Johnson (2003) concluded 28 in their study that the sodium surface density distribution becomes significantly non-29 uniform from the day to the night side, and from low to high latitudes as well as from the 30 morning to the afternoon due to the rapid depletion of Na atoms in the surfaces of grains 31 mainly driven by thermal depletion. Killen et al. (2004) suggested that ion precipitation 32 increases the diffusion from the interior. strong dawn-dusk asymmetry, an enhancement near the poles, and a moderate north-36 south asymmetry. Also, the reported scale heights are several 100's of km, which is 37 difficult to reconcile with thermal desorption using realistic temperatures. The aim of the 38 present study is to investigate the possibility that these features may be the result of two 39 combined processes: 40 1) space weathering of the surface by precipitating solar wind protons, which cause 41 chemical liberation of sodium atoms at the surface, and 42
2) photon-stimulated desorption of the liberated sodium from the surface into the 43 exosphere. 44
For this purpose we have developed a numerical model that is able to reproduce the 45 proposed processes and which allows the comparison of the simulated data with the 46 Figure 2 shows the ACE data, measured components of magnetic field, solar wind 120 proton speed and density, as well as the distance from the spacecraft to Earth, during the 121 Mercury transit on May 7, 2003 (day of year 127) and two days after the transit 122 (http://www.srl.caltech.edu/ ACE/ASC/level2/index.html). As it can be seen, a relatively 123 fast interplanetary CME passed ACE with a velocity ~ 890 km s However, taking into account the speed of this CME and mutual location of Mercury 128 and the ACE spacecraft, one can calculate that the CME passed Mercury after the transit. water by proton sputtering of sodium-bearing silicates was considered by the following 153 mechanism (Potter, 1995) 154
The free energy of this reaction is -4.7 kcal/mole, therefore it will proceed 156 spontaneously; however, the activation energy is unknown. Together with the liberated 157 Na, water is produced, with the supply rate of water molecules being half the supply rate 158 of Na by this process. The solar wind protons are implanted into the regolith grains and 159 are neutralized there. The proton fluxes onto the surface are high and saturation of the 160 regolith grains with hydrogen can be safely assumed, which assures the availability of 161 hydrogen for the chemical reaction given above. In summary, hydrogen reacts with the 162 Then, for each surface element we calculated the photon-stimulated desorption rate: 190 To calculate the value of C at the equilibrium, we set C(0) = 0 and calculate the value 196 of C(t) at the next integration step, by solving the following differential equation: 197
where A is defined in Eq. 2; Φ PREC is the flux of precipitating protons, and k is the 199 product of the overall process yield and the probability for the proton to interact with a 200 Na atom in the surface; by considering the fraction of Na bearing minerals (Feldspars) in 201 the regolith (Wurz et al., 2008), here we have assumed that k is about 5%. 202
When a surface element is on the dayside, C(t) raises or decreases exponentially, until 203 it reaches the equilibrium: 204
the time-scale for the equilibrium is: 206
which is of the order of one hour. When a surface element is on the night side, C(t) 208 increases if Φ prec > 0 (i.e., magnetospheric protons precipitate onto the surface) until this 209 surface element reaches the dawn terminator. Then, C(t) is rapidly decreased by PSD 210 following Eq. 3. This leads to a maximum of concentration close to the dawn terminator, 211 and hence to a dawn-dusk asymmetry of C. 212
Note that the total amount of sputtered sodium particles has to be proportional (see 213
Eq. 4) to the total flux of proton precipitating onto the surface. Hence, the parameters Φ γ , 214 and σ influence only on time scales of the simulated density, but they have very small 215 impact on the results at the equilibrium. 216
Concerning thermal desorption, we find that particles released by TD always fall 217 down onto the surface because their velocities are much lower than the escape velocity. 218
Hence, TD does not contribute to the net flux from the surface. However, as outlined 219 below, the Na atoms fall back within an area of radius <300 km (about 100 km on 220 average, in our simulation). Thus, thermal desorption will cause a smearing of the places 221 of Na release on the dayside. To include this effect in our simulation, we first estimated 222 the TD rate: 223
where Φ TD is the neutral flux, ν is the vibration frequency of the adsorbed atoms (10 13 s -1 , 225 Hunten et al., 1988) , N is again the regolith surface density, and U TD is the binding 226 energy. This last parameter has a big influence on the desorption rate, and has to be 227 
where the sub-solar point temperature (T d ) is scaled between 590 K and 725 K (Vilas, 234 1988) according to the planetary distance from the Sun. The night side temperature was 235 always 110 K. 236
Then, for each surface element, we distributed the flux Φ TD to a large number of test-237 particles. We simulated their ballistic trajectories, starting with a Maxwell-Boltzmann 238 surface velocity distribution with the proper surface temperature. We then evaluated the 239 precipitation position and the lifetime of each test particle, and we redistributed the flux 240 Φ TD accordingly (decreased by photoionization, with lifetime 10 4 s). This latter flux can 241 be considered as an additional source in Eq. 3, while Φ TD can be added to Φ PSD in the 242 sink section of Eq. 3. Hence (as far as photoionization is negligible), the net effect is just 243 a time and spatial blurring of the solution of Eq. 3. 244
Our simulation lasted one complete Mercury day. However, if we take C in a 245 reference frame fixed with respect to the Sun (i.e., MLT, Mercury Local Time), then C 246 reaches a stable equilibrium after about half a rotation or less (i.e. tens of days). In Figure  247 3 we show intermediate steps of the temporal evolution of parameter C at different times. 248
After one hour, the dayside configuration is more or less stable. In Figure 4a 
where β is the shape parameter (0.7 for Na) and U is the characteristic energy, which is of 266 the order of 0.05 eV, for Na. Since the maximum ejection energy should be lower than 267 the photon energy, we used a cut-off function (at about 10 eV) to eliminate the high-268 energy tail of the function, which we consider unphysical. To evaluate the effect of the 269 source distribution function on the simulated exospheric density, we have also used a 270 different source function: 271 Mercury's upper surface versus the solar zenith angle. It was found that TD is the most 302 efficient desorption process at low zenith angles but at higher zenith angles PSD and 303 sputtering become more efficient. 304
One of the most important parameters to be considered is the energy U (in Eq. 8), 305 which controls the energy distribution of the emitted sodium atoms. A best fit between 306 data and simulations to find the optimum value for U is not easy; however, we found that 307 a good agreement between observations and simulation can be obtained by taking U = 308 0.086 eV. In Figure 5a the result of the simulated sodium tangential column density is 309
given. As it can be seen, the simulated data show the same features as the observed ones 310 (Figure 1) , which are the dawn-dusk and the north-south asymmetry. In the simulation we 311 find that the maximum tangential column density is located at the limb in the north-dawn 312 region and has a value of about 6×10 10 cm -2 . 313 314 [ Figure 5 ] 315 316 Moreover, the apparent scale-height is similar to that in the observations (Figure 1) . 317
This parameter results from the chosen energy distribution for the release of the particles: 318 a more energetic source distribution produces higher scale-heights. To evaluate how 319 sensitive our model is to the chosen energy distribution, we produced a similar 320 simulation, using Eq. 9 instead of Eq. 8, with T=1000 K. This energy distribution is 321 somewhat less energetic than the previous one ; the result of the 322 simulation is shown in Figure 5b . There is a substantial resemblance between the two 323 simulations, and it is difficult to tell just by visual inspection which fits better with the 324 observations However, apparently the scale height of the first energy distribution (Eq. 8) 325 fits better with the observations. 326
More information on the energy distribution of the source can be obtained from the 327 observed velocity distribution. To study the velocity distribution of Na in the x direction, 328
16 a fourth dimension of the accumulation grid, consisting of 100 velocity steps from -10 to 329 +10 km/s, was included. In this way we were able to estimate the velocity distribution 330 shown in Figure 6 . According to Schleicher et al. (2004) , the observed velocity 331 distribution can be reproduced by a Gaussian function with a width v th = 1.6 km/s. As 332 shown in Figure 6 , the simulation is able to reproduce this feature reasonably well using 333 the energy distribution of Eq. 8. The small secondary peak, visible at about 2 km/s in the 334 figure, is probably due to the radiation pressure acceleration, which originates in the tail 335 up to few R M behind the planet. In fact, this is the value that can be obtained by simple 336
calculations assuming an acceleration of -60 cm/s 2 and a tail size of about 3 R M as 337 reported by Potter et al. (2002) . For comparison, the velocity distribution obtained using 338 Eq. 9 (dashed line in Figure 6 ) substantially differs from the previous two. We concluded 339 that the source energy distribution is likely to be more energetic than a Gaussian at 1000 340
K. 341
The effect of the radiation pressure acceleration on the observed column densities is 342 negligible; in fact, since this force acts parallel to the line of sight, the first order effect is 343 null. To evaluate the effect of the radiation pressure, we removed this force from the 344 model: the simulated tangential column densities were very similar, almost identical, to 345 those shown in Figure 5a ; however, the fraction of escaping Na particles dropped down 346 by a factor 2. We concluded that the radiation pressure acceleration, in the present 347 configuration, is responsible of about 50% of the Na escape rate. 348
[ Figure 6 ] 349 Table 1 gives a summary of the observed and simulated physical quantities. The 350 tangential column densities are very close. However, the typical scale height in the model 351 calculations is higher than in the observations and therefore the total amount of Na in the 352 simulation is higher than that in the observations. 353
[ Table 1 ] 354
The gardening rate at Mercury is estimated to cause a grain lifetime on the surface of The presence of the two maxima observed at high latitude is a hint for the presence of 366 a space weathering process, such as ion sputtering. Hence, we simulated the Na 367 exospheric density resulting from this process. We assumed that the proton precipitation 368 flux was the same as shown in Figure 4b . Each impinging proton has some probability 369 (yield, Y) to extract a neutral sodium atom from the surface; this probability is related to 370 the proton energy (Lammer et al., 2003) ; we have assumed an averaged value of 10% for 371 simplicity. Other solar wind components, like α particles or high-charge-state particles, 372 produce a comparable amount of ion sputtering (Johnson and Baragiola, 1991) . 373
Assuming that their precipitation patterns are similar to that of protons, we assumed a 374 weighted yield of 20% as an upper limit for sputtering. The resulting Na flux is hence: 375
where c is the surface abundance of sodium in the surface. While thermal and photon-377 stimulated desorption act on the extreme surface (a few monolayers, where the 378 concentration of Na should be calculated as in Section 3.2), ion-sputtering extracts 379 sodium from deeper and in a stoichiometric way. Hence, we assumed c uniform all over 380 the surface and equal to 0.5% (Goettel, 1988) . 381
The energy distribution of the ejecta can be simulated using the following function 382 we integrated the result to obtain the tangential column densities to be compared with the 387 observations. The result is shown in Figure 7a . There are at least three discrepancies 388 between this simulation and the observations: 389
• the tangential column densities are about two orders of magnitude lower than those 390 observed; in fact, for each proton, only 0.05% of Na is sputtered, i.e. released into the 391 exosphere (Y times c). 392
• the simulated scale-heights are considerably larger than those observed; in fact the 393 energy distribution in Eq. (11) is more energetic than that in Eq. (8); 394
• there is no evident dawn-dusk asymmetry. 395
In summary, ion sputtering, alone, is not able to explain the observed features. 396
Moreover, since the contribution to the total column densities is only about 1% of the 397 observed values, which is consistent with the results from Wurz et al. (2007) , it is 398 possible to neglect its contribution in the particular configuration of the present study. On 399 the other hand, since the process is more energetic, most of sputtered Na are either 400 photoionized (due to longer ballistic time) or lost (due to Jeans escape). Hence, this 401 process must be taken into account while simulating the Na tail, as in section 4.4. 402
Meteoritic and micrometeoritic impact vaporization 403
Mercury is exposed to the constant precipitation of particles of small sizes (<100 µm), 404
impacting the surface at a mean velocity of 20 km/s (Cintala, 1992) 1) The scale height. The parameter U in Eq. 8 controls the energy distribution of the 491 PDS emitted Na, and hence the scale-height of the simulated exosphere. A larger scale-492 height in the model causes the dayside population (which is the most relevant one) in the 493 simulations to rise above the planetary limb and therefore to become more visible from 494 the night side. Hence, the value of U is also related to the overall Na amount. Since the 495 scale-height of the simulation is higher than that of the observation, this may suggest that 496 a lower value for U should be used. We have also performed some simulations, using a 497 simple Gaussian distribution function (with temperature of 1000 K), instead of Eq. 8. 498
Even if the simulated densities (Figure 5b ) and scale-heights were very similar to the 499 observed ones, such energy distribution failed to explain the measured velocity spread. 500
2) The proton flux. The simulated densities are proportional to the total precipitation 501 rate, and the shape depends on that of the proton flux onto the surface. In particular, the 502 proton precipitation onto the nightside, thanks to the rotation of the planet, is responsible 503 for the formation of the dawn dusk asymmetry. In addition to proton precipitation other 504 M A N U S C R I P T ACCEPTED MANUSCRIPT 22 magnetospheric ions will precipitate as well. For example, Na + precipitation occur 505 nightside (see Delcourt et al., 2003) , which will increase the surface weathering effects. 506
In fact, according to Potter (1995) , in the case of chemical sputtering caused by Na + , the 507 yield should be higher. In any case, the inclusion of any other precipitation or 508 replenishing process occurring on the nightside, which we have neglected in this first 509 simulation, will cause an enhancement of the simulated dawn-dusk asymmetry, and, in 510 fact, the dawn-dusk asymmetry is a somewhat more evident in the observations than in 511 the model. The effect of other ion precipitation on the nightside, as well as impact 512 vaporization, not included in the present simulation, can be estimated using the model. In 513 fact, adding an hypothetical, uniform value of Sodium 2×10 6 cm -2 s -1 lead to a tangential 514 column density of 4×10 10 cm -2 , which is what is observed close to the dawn terminator. 515
In this way, it is possible to estimate the upper limit of the Na replenishment process that 516 can occur in the nightside as 2×10
6 cm -2 s -1 . 517
3) The process yield. Here, we have assumed that the averaged process yield is 5%, 518 and the simulated densities scale linearly with this parameter. Recently, Sarantos et al., 519 (2008) have studied the influence of ion-enhanced PSD at the Moon, following the 520 mechanism proposed by Potter (2000) ; the mechanism is somewhat different from that 521 proposed here, but the global result is the same. These authors observed that the ion flux 522 increased to 3×10 7 cm -2 s -1 during the passage of the Moon in the Earth's magnetotail, 523
and as a result, the PSD rate was higher then expected, and of the order of 2×10 5 cm -2 s -1
. 524
This would result in an averaged yield of the order of 1%, which is in good agreement 525 with our assumption, also because one could expect that the yield of the process may 526 depend on the ion energy ranges, that may differ from the Moon to Mercury. 527
Since the PSD release Na flux is proportional to the proton precipitation, one could 528 expect that, on the dayside (which is not visible in the observation) the Na exospheric 529 densities should resemble the proton flux in Figure 4b . As shown in Figure 8 , however, 530 this is not the case. In fact, on the dayside also the Na population from thermal desorption 531 is present. Moreover, in the case of a non-uniform surface source, Mura et al., , not yet included in this model, can be the Na release due to thermal 535 diffusion, that should be maximal in the sub-solar point region, between our two 536 precipitation maxima (Killen et al., 2004) . 537
The Na density in the tail predicted by our model is also in substantial agreement with 538 that observed during the first MESSENGER flyby (McClintock et al., 2008) . Moreover, 539 chemical sputtering of Na by protons causes also the production of water, and it is worth 540 noting that the FIPS instrument on board MESSENGER has discovered such water group 541 ions in the exosphere of Mercury (Zurbuchen et al., 2008) . 542
In a separate simulation run we have tried to simulate the Na density in a different 543 way, by assuming that the proton precipitation causes only direct ion-sputtering of 544 surface sodium. However, the simulated scale-heights were larger and the tangential 545 column densities were about 100 times lower than those observed, because ion-sputtering 546 has a lower yield (5%) and a more energetic velocity distribution. On the other hand, it is 547 difficult to explain North-South asymmetries without including plasma precipitation 548 effects. We also simulated the Na exospheric density arising from impact vaporization; 549 also in this case, the tangential column densities were lower by a factor 100. Presently, it 550 is therefore not possible to explain these observations without including a process that 551 Lichtenegger also acknowledge support from the EU funded Europlanet project due to its 574 N5 activity. We also thank the ACE SWEPAM instrument team and the ACE science 575
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